Gene duplication is regarded as the main source of adaptive functional novelty in eukaryotes. Processes such as neo-and subfunctionalization impact the evolution of paralogous proteins where functional divergence is frequently key to retain the gene copies. Here, we examined antisilencing function 1 (ASF1), a conserved eukaryotic H3-H4 histone chaperone, involved in histone dynamics during replication, transcription, and DNA repair. Although yeast feature a single ASF1 protein, two paralogs exist in most vertebrates, termed ASF1a and ASF1b, with distinct cellular roles in mammals. To explain this division of tasks, we integrated evolutionary and comparative genomic analyses with biochemical and structural approaches. First, we show that a duplication event at the ancestor of jawed vertebrates, followed by ASF1a relocation into an intron of the minichromosome maintenance complex component 9 (MCM9) gene at the ancestor of tetrapods, provided a different genomic environment for each paralog with marked differences of GC content and DNA replication timing. Second, we found signatures of positive selection in the N-and C-terminal regions of ASF1a and ASF1b. Third, we demonstrate that regions outside the primary interaction surface are key for the preferential interactions of the human paralogs with distinct H3-H4 chaperones. On the basis of these data, we propose that ASF1 experienced subfunctionalization shaped by the adaptation of the genes to their respective genomic context, reflecting a case of genomic context-driven escape from adaptive conflict.
Introduction
Gene duplication provides an opportunity for the evolution of novel gene functions, as long-term retention of gene copies is frequently accompanied by functional divergence (He and Zhang 2005) . Several models have been proposed to describe the fate of duplicated genes (Conant and Wolfe 2008; Innan and Kondrashov 2010; Kaessmann 2010) , which is known to depend on many variables, such as the origin, for example, through whole-genome, segmental, tandem, or single duplication or the concerted action of distinct evolutionary forces (genetic drift, positive and negative selection). In terms of protein function, two main scenarios are normally invoked: subfunctionalization (where ancestral functions are distributed between gene duplicates) and neofunctionalization (where a gene acquires a new function) (Conant and Wolfe 2008; Innan and Kondrashov 2010) . Additional models have also been proposed such as escape from adaptive conflict (EAC; Piatigorsky and Wistow 1991; Hittinger and Carroll 2007; Marais Des and Rausher 2008; Deng et al. 2010) . This model refers to a special case of subfunctionalization fueled by positive selection, in which a set of biological functions corresponding to an ancestral gene cannot be optimized simultaneously, but gene duplication enables separate optimization. Identifying which models apply to particular genes can bring novel insight into functional properties at the protein level.
In all eukaryotes, DNA is organized into chromatin, a highly dynamic structure composed of its basic repeat unit, the nucleosome. This module comprises an octamer of the four core histones, two each of H3, H4, H2A, and H2B. Histone chaperones regulate all facets of histone metabolism, where antisilencing function 1 (ASF1), the most conserved H3-H4 chaperone, has been implicated in replication, transcription, and DNA repair (reviewed in Mousson et al. [2007] ). Identified as a single protein in yeast (Le et al. 1997) , ASF1 exists as two paralogs in most vertebrates, termed ASF1a and ASF1b in mammals. Among its conserved functions, ASF1 synergizes with two H3-H4 cochaperones: chromatin assembly factor 1 (CAF-1, consisting of three subunits p48, p60, and p150) and histone regulator A (HIRA, homolog of the Hir complex in yeast) to channel the replicative H3.1 and replacement H3.3 histone variants in distinct deposition pathways (Tyler et al. 1999; Mello et al. 2002; Tagami et al. 2004; Green et al. 2005; De Koning et al. 2007; Mousson et al. 2007; Yamane et al. 2011) . Although conservation of the ASF1 core binding domain for histones H3-H4 and cochaperones suggests common properties, experimental evidence suggests that the human paralogs are not functionally equivalent (Tagami et al. 2004; Tamburini et al. 2005; English et al. 2006; Tang et al. 2006; De Koning et al. 2007; Mousson et al. 2007; Natsume et al. 2007 ). This is exemplified by their distinct gene expression patterns, by the major role of ASF1b in proliferation (Corpet et al. 2011) , and the specific interaction between HIRA and ASF1a (Green et al. 2005; Tang et al. 2006) . Although biochemical and structural studies advanced our understanding concerning the function of ASF1a and b, evolutionary and comparative genomic approaches have not been exploited to shed light into how some of these functional differences and distinct gene expression patterns have evolved.
In this article, we exploit the available genomic, epigenomic, transcriptomic, and proteomic data of generic ASF1 proteins, ASF1a and ASF1b, and place it into an evolutionary context. By combining these analyses with molecular data showing distinct interaction specificities, we characterized the process of subfunctionalization of ASF1a and ASF1b. Furthermore, our data suggest that this process developed under constraints imposed by the specific genomic and chromatin organization, representing a case of EAC driven by the paralog-specific genomic contexts.
Results

ASF1 Duplicated at the Ancestor of Jawed Vertebrates
We first aimed to reconstruct the phylogeny of ASF1 in chordates and date the duplication event that led to the origin of ASF1a and ASF1b. Because ASF1 is a highly conserved protein, the amino acid sequence information is insufficient to appropriately reconstruct this phylogeny, prompting an analysis based on nucleotide sequences. Strikingly, we detected a strong compositional bias in the GC content in the third codon positions of ASF1a and ASF1b (discussed later). Compositional biases in nucleotide sequences are known to produce biased estimates in phylogenetic reconstruction (Van Den Bussche et al. 1998; Heath et al. 2008 ), thus we combined two alternative robust approaches for our reconstruction: 1) maximum likelihood (ML) inference (Guindon et al. 2010 ) using only the first and second codon positions and 2) Bayesian analysis (Ronquist and Huelsenbeck 2003) under a model of codon evolution. The resulting phylogenetic trees recovered ASF1a and ASF1b as two monophyletic groups, leaving the Lamprey's single ASF1 gene out of the two clades ( fig. 1 ). The position of Lamprey in the phylogeny suggests, with moderate to high statistical support (ML bootstrap support of 42, Bayesian posterior probability of 0.94), that the duplication of ASF1 took place at the ancestor of jawed vertebrates (420 Ma). Interestingly, our phylogenetic reconstruction also showed that the ancestor of teleosts (ray-finned fishes) lost ASF1a and later on experienced an additional duplication of ASF1b. In contrast, the ancestor of Aves (chicken, turkey, and zebra finch) lost the ASF1b paralog leaving only ASF1a.
Duplication Mechanism and Relocation of ASF1a
Gene duplications can occur by DNA-or RNA-based mechanisms (Conant and Wolfe 2008; Kaessmann 2010 ). In the case of DNA-based mechanisms, gene duplication preserves the genomic organization of genes included in the duplicated region and their gene architectures (exon-intron boundaries). Conversely, RNA-based duplications are generated by retrotransposition of the RNA transcript, which is susceptible to various modifications that would alter the architecture of the duplicated gene. Our comparison of the exon-intron architecture of the ASF1a and ASF1b genes found a perfect match between their boundaries (supplementary fig. S1 , Supplementary Material online), supporting a DNA-based mechanism. Given its estimated date, it is possible that this duplication was part of one of the two rounds of wholegenome duplications that took place at the ancestor of vertebrates (Dehal and Boore 2005) . We then analyzed the synteny of ASF1, ASF1a, and ASF1b among vertebrates and other chordates using Genomicus (Muffato et al. 2010) . The information concerning genomes of cartilaginous fishes did not prove particularly informative because of the low coverage of the corresponding sequences and the fact that teleosts lost ASF1a in their ancestor. However, we could use the coelacanth Latimeria chalumnae to investigate the ancestral gene arrangements. In Latimeria, we observed that ASF1a and ASF1b neighbor the PRKAC and PRKAC genes (cAMP-dependent protein kinase catalytic subunits beta and alpha), respectively. Interestingly, the phylogenetic tree of the PRKAC gene family (Sato et al. 2009; Vilella et al. 2009 ) indicates that PRKAC and PRKAC also originated by gene duplication at the ancestor of jawed vertebrates, indicating that PRKAC and ASF1 duplicated together. Further, the genomic colocalization of ASF1 and PRKAC is older than the duplication event, as we could trace it back to the ancestor of deuterostomes (we observed that both genes are located side by side in the genome of the echinoderm Strongylocentrotus purpuratus) (supplementary fig. S1 , Supplementary Material online). Remarkably, we found that after the split of Latimeria, that is, at the ancestor of tetrapods, ASF1a moved to a different genomic location. In amphibians, reptiles, and mammals, ASF1a is located in antisense orientation inside an intron of the gene encoding minichromosome maintenance complex component 9 (MCM9) (supplementary fig. S1 , Supplementary Material online). We next compare the genomic contexts in which the two paralogs reside with the aim of determining the evolutionary impact.
Different Genomic Contexts for ASF1a and ASF1b
We noted above a strong compositional bias in the GC content at the third codon position of the ASF1a and ASF1b genes. Indeed, we found that ASF1b in jawed vertebrates, as well as ASF1 in most outgroup species including the lamprey, has high GC content at third codon positions, whereas ASF1a 
1855
Evolution of ASF1a and ASF1b in Vertebrates . doi:10.1093/molbev/mst086 MBE always has much lower GC content ( fig. 2a and supplementary fig. S2a, Supplementary Material online) . The Armadillo represents an extreme case, with a GC content at third codon sites of 93% and 21% for ASF1b and ASF1a, respectively (data not shown), whereas in humans, it is 80% for ASF1b and 36% for ASF1a ( fig. 2a) . Interestingly, PRKAC and PRKAC show a similar pattern of divergence in GC content as ASF1b and ASF1a. Thus, the shift to lower GC content most probably arose right after the gene duplication event and before ASF1a moved into MCM9. In most tetrapods, the GC content of ASF1a is almost always lower than the GC content of MCM9. Moreover, although the GC content of both exons and introns of ASF1a is similar, the GC content of MCM9 exons and introns is clearly different, with exons having a higher GC content. A recent report proposed that large genes with large introns (such as MCM9) have strong differences between the GC content in their exons and introns to possibly guide the splicing of large transcripts (Amit et al. 2012 ).
Interestingly, in most tetrapods, the GC content of ASF1a matches the low GC content of the host MCM9 intron (supplementary fig. S2b , Supplementary Material online), suggesting that after relocation into MCM9, ASF1a further modified its GC content.
Low GC content has previously been associated with late replication ), so we next investigated the replication timing of ASF1a and ASF1b using publicly available data sets (Ryba et al. 2010) . We found that in humans and in mice, ASF1a and ASF1b are located in late and early replicating regions, respectively ( fig. 2b ). As PRKAC is located at the ancestral location of ASF1a (as still observed in Latimeria), we then analyzed the replication timing of PRKAC to determine whether the shift in replication timing for ASF1a was caused by the original position after the duplication or by the relocation into the MCM9 intron. Interestingly, the region containing the PRKAC gene in human and mouse genomes is late replicating (supplementary fig. S2c , Supplementary Material online), as is the MCM9/ASF1a region. This suggests that ASF1a was already located in a late replicating region with low GC content (next to PRKAC in Latimeria) before the gene moved (in the ancestor of tetrapods) into the intron of MCM9. Overall, the high difference in GC content and replication timing are suggestive of an important change in the genomic environment of ASF1a compared with the ASF1 ancestor. These differences could be related with the specific gene expression regulation of each paralog (Corpet et al. 2011 ) and also cause distinct mutational biases, which could impart paralog-specific functions.
Divergence of the Gene-Expression Regulation of ASF1a and ASF1b in Amniotes Using the Gene Expression Barcode database (McCall et al. 2010) , we characterized the pattern of gene expression of ASF1a and ASF1b in different human tissues. We found that ASF1a is broadly expressed in most human tissues, whereas ASF1b expression is rather restricted to testes, neutrophils, and bone marrow, that is, to proliferative tissues (supplementary fig. S3a , Supplementary Material online), consistent with previous results including extensive qPCR analysis (Umehara and Horikoshi 2003; Corpet et al. 2011) . The relevance of ASF1b in proliferation was further supported by its striking upregulation in different tumor types (supplementary fig. S3b , Supplementary Material online), including breast cancer (Corpet et al. 2011) . To study the evolution and divergence of the pattern of gene expression regulation, we analyzed available RNA-seq data from brain, cerebellum, heart, kidney, liver, and testes of several mammals and chicken (Brawand et al. 2011) and determined the levels of expression of ASF1a and ASF1b ( fig. 3 and ASF1a expression. We explored this further by analyzing available chromatin interaction analysis with paired-end sequencing (ChIA-PET) experiments of RNA pol II (Li et al. 2010 ), and we found that the promoters of ASF1a and MCM9 strongly interact in human cells. In addition, the two promoters feature histone marks typically associated with active expression (trimethylation of histone H3 lysine 4 and acetylation of histone H3 lysine 27) in all tissues and cell types studied (supplementary fig. S3d, Supplementary Material online), which correlates with the RNA-seq data ( fig. 3 ). In summary, there is a regulatory relationship between MCM9 and ASF1a, suggesting that the relocation of ASF1a into MCM9 may have been a subject of selection illustrating the relevance of genomic context.
Differential Evolution at the Protein Level in the N-/C-Terminal Regions
We next asked which selective forces have driven the ASF1a and ASF1b evolution and what footprint they left on the corresponding amino acid sequences. We focused on the N-and C-terminal regions, as they accumulated most of the mutations (regions 1 and 3 in supplementary fig. S4a and b, Supplementary Material online). First, we reconstructed the ancestral N-and C-terminal sequences of ASF1 before gene duplication. Under a Bayesian framework, posterior probabilities for each amino acid at each site were estimated for the tree node corresponding to the last common ancestor of ASF1a and ASF1b (see Materials and Methods). Our comparison of the N-terminal sequences of different jawed vertebrate ASF1a and ASF1b proteins against the reconstructed ancestral ASF1 revealed that ASF1a conserved almost all ancestral character states, whereas ASF1b largely evolved away ( fig. 4a ). Interestingly, the erosion of the ASF1b N-terminus has not been equally intense in all groups. In chondrichthyes (Dogfish), Latimeria, and Xenopus, the erosion was moderate, with just four, seven, and five amino acid replacements, respectively. In contrast, the erosion was particularly intense in mammals, with 12 accumulated replacements in platypus, and 11 in human and mouse, as illustrated in the phylogenetic tree by a long branch at the ancestor of mammals ( fig. 4a ). We then analyzed which evolutionary forces were responsible for the divergence of the ASF1b N-terminus. We compared the rates of nonsynonymous and synonymous substitutions (dN/dS ratios or omega values) at particular sites along different lineages using the branch-site test of positive selection (see Materials and Methods and supplemental note, Supplementary Material online). We were able to identify four sites (corresponding to sites homologous to Gln5, Asn7, Ser16, and Val10 of human ASF1a) that likely evolved by positive selection (table 1) . According to our results, mutations at these four sites were positively selected in different branches of the ASF1b lineage: Asn7 at the ancestor of jawed vertebrates (just after their duplication), Ser16 at the ancestor of bony vertebrates, and Gln5 and Val10 at the ancestor of mammals ( fig. 4a ). These signatures of positive selection suggest that the evolutionary divergence of the N-terminal region of ASF1b may have had some adaptive advantage. Importantly, this is reflected in binding experiments in vitro showing that the divergence in the N-terminal 30 residues of human ASF1b is related to a decrease in affinity for HIRA (Tang et al. 2006) . For the C-terminal region, we identified two properties that have been conserved in almost all eukaryotes. First, a C-terminal region (region 3 in supplementary fig. S4a, Supplementary Material online) (distinct from the conserved folded domain responsible for histone binding) is present in almost all eukaryotes (with the exception of Dictyostelium discoideum and the Trypanosomatidae family) and second, it always features a low isoelectric point. Interestingly, the Cterminal domain is a substrate for phosphorylation in both human and mouse (Silljé and Nigg 2001; Pilyugin et al. 2009 ). When we compared the C-terminus of vertebrate ASF1a and ASF1b with the ancestral sequence, we found that both lineages diverged from the ancestral state ( fig. 4b) . Furthermore, the rates of evolution of the C-terminus along the ASF1a and ASF1b lineages experienced some striking shifts. Just after the duplication event, the two paralogous lineages accumulated similar amounts of mutations. However, the C-terminal region of ASF1a experienced almost no amino acid replacements since the ancestor of amniotes (contrasting with the lineages of chondrichthyes, Xenopus and Latimeria), whereas the ASF1b C-terminus continued evolving at similar rates ( fig. 4b ). This indicates that purifying selection on the ASF1a C-terminus became particularly strong in amniotes, suggesting the acquisition of an important novel role in this lineage, possibly reflecting neofunctionalization. In addition, we detected that the pattern of amino acid replacements is different for each paralog. In ASF1a, many C-terminal sites mutated to Ser and Thr residues, giving rise to known target sites of phosphorylation in human and mouse (Silljé and Nigg 2001; Pilyugin et al. 2009 ). In contrast, ASF1b lost some of the ancestral Ser residues at the origin of the lineage while acquiring many Gly and Pro residues, characteristic of disordered regions (Linding et al. 2003) . As a result, ASF1a contains more phosphorylation target sites than ASF1b. Interestingly, these biased patterns of amino acid replacements in ASF1a and ASF1b might be related to their different genomic contexts, as described earlier. Indeed, Gly and Pro amino acids are coded by GC-rich codons (CCN and GGN, respectively), whereas Ser and Thr are coded by codons of intermediate GC content (ACN for Thr and AGY and TCN for Ser), coinciding with the GC-content trends of ASF1b and ASF1a. Our observations are in accordance with previous studies of the relationship between amino acid frequencies and GC content (Foster et al. 1997; Gu et al. 1998; Knight et al. 2001) . Remarkably, among the identified divergent sites between ASF1a and ASF1b, we detected six sites that show the footprint of positive selection at particular levels of the phylogeny (Ser165, Ser198 for ASF1a and Asp155, Ser165, Asp176, and His199 residues for ASF1b; residues are numbered according to human ASF1a, see table 1). Three sites have a conserved Ser residue in one of the two lineages, which may reflect the importance of phosphorylation in the biology of the C-terminus. In contrast to the N-terminus, we observed the footprint of positive selection in both lineages ( fig. 4b , table 1), highlighting the relevance of the C-terminus in their functional divergence. In summary, we identified that the C-terminal tail of ASF1a possibly acquired some new function in amniotes, whereas the C-terminal tail of ASF1b conserved some ancestral sequence motifs. These evolutionary analyses suggest that the C-terminal region has a biologically relevant role, which may involve differentiating binding partners leading to some of the divergent functions. Substitution saturation at third codon sites may induce subestimation of the real number of synonymous substitutions (dS), hence affecting the estimation of the real omega value (dN/dS) in methods to detect positive selection. However, substitution saturation should not bias our results, as a recent study has demonstrated that the branch-site test of positive selection that we applied is robust against this problem (Yang and dos Reis 2011; Jordan and Goldman 2012) . Nevertheless, given the strong GC-content biases between the ASF1a and ASF1b lineages, we decided to conduct evolutionary simulations to further test the robustness of the test. For this, we simulated different evolutionary scenarios with distinct selective regimes using the program INDELible (Fletcher and Yang 2009) , taking into account the phylogeny of ASF1 and the observed lineage-specific codon-usage biases (supplementary note, Supplementary Material online). Despite substitution saturation and strong GC-content biases, our simulations showed that positive selection was almost exclusively detected when a fraction of sites was simulated under positive selection and not when sites were simulated under negative selection or neutral evolution (supplementary note, Supplementary Material online). Notably, a recent simulation analysis confirms the robustness of the branch-site test against both substitution saturation and GC-content shifts (Gharib and Robinson-Rechavi 2013) , supporting our results regarding adaptive evolution of ASF1a and ASF1b terminal regions. We next applied structural and biochemical approaches to test the potential role of these regions in determining interaction specificities of ASF1a and ASF1b.
Ancestral Interactions of ASF1 with HIRA and CAF-1 p60 Have Been Distributed between ASF1a and ASF1b
To investigate the molecular determinants of the functional divergence between the two human ASF1 paralogs, we characterized in vivo interactions with the best-known ASF1 partners: the pair of histones H3-H4 and two histone chaperones, HIRA and CAF-1 p60 (mid-subunit of the CAF-1 complex). Concerning the interaction with H3 variants, we isolated e-H3.1 and e-H3.3 complexes and confirmed that ASF1a and ASF1b are present in similar amounts in both of them (Tagami et al. 2004 ). We could also determine that both paralogs have comparable affinities for H3.1-H4 and H3.3-H4 ( fig. 5a ). Thus, ASF1 paralog-specific functions are not merely a consequence of varying affinities for a given histone variant. We then used previously characterized specific ASF1 polyclonal antibodies (Corpet et al. 2011 ) to immunoprecipitate ASF1a and ASF1b complexes from HeLa S3 total cell extracts. Importantly, we reproduced in our system, the reported preferential interaction between ASF1a and HIRA (Daganzo et al. 2003; Zhang, Poustovoitov, et al. 2005; Tang et al. 2006) . Furthermore, we revealed for the first time a preferential interaction between ASF1b and CAF-1 p60 ( fig. 5b) . In contrast, the single ASF1 protein in Saccharomyces cerevisiae interacts equally with the yeast orthologs of either HIRA or CAF-1 p60 (Tyler et al. 1999; Sharp et al. 2001; Daganzo et al. 2003) , suggesting that ASF1a and ASF1b evolved to differentiate these partners. Intriguingly, structural studies have shown that ASF1 binds the B-domain of HIRA and CAF-1 p60 through a conserved hydrophobic groove (Tang et al. 2006; Malay et al. 2008 ) (supplementary fig. S5, Supplementary Material online) . Thus, the surface of interaction cannot explain per se the preferential interactions with these partners. One possibility to fine tune these interactions is that divergence within the structural core of ASF1a and ASF1b (regions 1 and 2 in supplementary fig. S4a , Supplementary Material online) could contribute to specificity (supplementary fig. S5 , Supplementary Material online). Additionally, the C-terminal regions could have a major role in directing specificity, as previously shown for the ASF1a-HIRA interaction (Tang et al. 2006 ). However, this latter region is not visible in available structures, as it remained unstructured under the employed conditions (Mousson et al. 2005 ). Thus, we decided to test whether ASF1a carrying the C-terminal 50 residues of ASF1b could bind CAF-1 p60. For this, we isolated wild-type and chimeric ASF1 complexes in which the C-terminal domains were swapped using epitope-tagged protein and immunoprecipitation from total cell extracts ( fig. 5c ). In support of the relevant role of the C-terminus to dictate specificity, here in vivo, we found that the ASF1b-a chimera is able to bind HIRA, which is consistent with in vitro observations (Tang et al. 2006) . Importantly, we also confirmed the specific interaction between ASF1b and CAF-1 p60 with the epitope-tagged ASF1b protein. Further, we detected CAF-1 p60 only in the precipitate from the ASF1b-a chimera. This reveals that the ASF1b C-terminal region is neither sufficient nor essential for the binding to CAF-1 p60 and underscores the importance of divergence within the structural core to mediate the ASF1b-CAF-1 p60 interaction. Together, the biochemical and structural data strongly support the hypothesis resulting from the evolutionary analyses that ASF1 experienced subfunctionalization.
Discussion
Here, we applied evolutionary analyses to study the histone chaperone ASF1, which exists as two paralogs in most vertebrates with divergent functions and gene expression patterns in mammals. Together with biochemical and structural data, we propose that ASF1 experienced subfunctionalization by means of adaptive evolution, and we shed light into the evolutionary forces that promoted the division of tasks between the two mammalian paralogs.
History and Essentiality of Vertebrate ASF1a and ASF1b
The branch lengths of the phylogenetic tree ( fig. 1 ) provided initial clues regarding the biological relevance of each paralog. Just after duplication, the lineages of ASF1a and ASF1b evolved at similar rates. Then, between the ancestor of tetrapods and amniotes, ASF1a experienced a shift in its selective regime and then evolved under strong purifying selection (short branches), suggesting essentiality of ASF1a. Interestingly, although ASF1b knockout mice are viable (http:// www.informatics.jax.org, last accessed May 2013), ASF1a knockouts show complete embryonic lethality (Hartford et al. 2011 ). Further, "natural knockout" experiments allow us to trace the acquisition of a more prominent role for ASF1a in amniotes, since the loss of ASF1b was tolerated in Aves. Essentiality of ASF1a does not trace back further in the evolution of vertebrates, since the ancestor of ray-finned fishes survived the loss of this paralog. This implies that ASF1b at the ancestor of Teleostei may have retained an ancestral ASF1 Purification of e-H3.1-and e-H3.3-associated complexes with different salt stringencies. We performed FLAG purification on salt-extractable extracts from a human HeLa S3 empty cell line or Hela S3 cells stably expressing e-H3.1 or e-H3.3 histone variants (Tagami et al. 2004) . Input is 5% of the immunoprecipitated material. We revealed ASF1a and ASF1b with a mix of the specific ASF1 antibodies (Corpet et al. 2011) , HA (e-H3.1 or e-H3.3 tagged histones), CAF-1 p150, HIRA, and RbAp48 by Western blotting. M, molecular weight marker. (B) Immunoprecipitation performed on total cell extracts from human Hela S3 cells with either a control rabbit IgG antibody or the purified specific antibodies against ASF1 paralogs (Corpet et al. 2011) . Input is 5% of the immunoprecipitated material. We revealed ASF1a and ASF1b with a mix of the specific ASF1 antibodies (Corpet et al. 2011) , CAF-1 p60, and HIRA by Western blotting. M, molecular weight marker. (C) Immunoprecipitation performed on total HeLa S3 cell extracts expressing epitope-tagged ASF1 wild-type and chimeric constructs (left). Input is 1% of the immunoprecipitated material. We revealed e-ASF1 with the StrepMAB Classic antibody, CAF-1 p60, HIRA, and H3 by Western blotting. M, molecular weight marker. function, making ASF1a dispensable. In fact, in Teleostei, the N-terminus of ASF1b is not as eroded as in mammals, suggesting that the essentiality of ASF1a is conditioned by the erosion of the ASF1b N-terminal region, which contributed to the loss of an ancestral function in ASF1b, such as binding to HIRA as shown in vitro (Tang et al. 2006) . Taken together, these data illustrate the strong coevolution of paralogous genes under subfunctionalization scenarios.
Genomic Context Shaped ASF1a and ASF1b Evolution
The high GC content of ASF1 in most outgroup species and in ASF1b suggested that ASF1a relocated from the original environment of the ancestral ASF1. Indeed, the new genomic context of ASF1a caused the reduction in GC content ( fig. 2a) and the shift to late replication ( fig. 2b ). This may have primed ASF1a for its relocation into an intron of MCM9 at the ancestor of tetrapods, which shares these genomic properties (supplementary fig. S2b, Supplementary Material online) , and enabled fixation as it did not disturb the splicing of MCM9. Further, the ubiquitous expression of ASF1a resembles that of MCM9, in contrast to ASF1b, which retained a pattern of expression associated to cell proliferation (Corpet et al. 2011) . ASF1b is generally more expressed in tissues with higher proliferation rates, such as testes and tumors ( fig. 3  and supplementary fig. S3c, Supplementary Material online) . Interestingly, the long-range physical interaction between the promoters of ASF1a and MCM9 (supplementary fig. S3d , Supplementary Material online) supports a role for the genomic context in regulating ASF1a gene expression. Additionally, the two genomic contexts are likely associated with distinct chromatin structures, which influenced the regional mutational patterns of the genome (Prendergast et al. 2007; Stamatoyannopoulos et al. 2009; Schuster-Böckler and Lehner 2012) . Taken together, these data suggest that the genomic contexts of ASF1a and ASF1b imposed particular constraints that influenced the process of subfunctionalization.
Differential Evolution of the N-and C-Terminal Regions Influenced Distribution of Ancestral Partners and Tasks
Our proposed model for subfunctionalization suggests that ASF1a and ASF1b would have lost (or reduced) their ability to bind CAF-1 p60 and HIRA, respectively, during the course of evolution. Indeed, we showed that the erosion of the ASF1b N-terminal 30 residues ( fig. 4a ) and the C-terminal residues ( fig. 4b ) was probably driven by positive selection. This most likely contributed to the loss of its ability to interact with HIRA, consistent with in vitro experiments using recombinant proteins (Tang et al. 2006 ) and with our in vivo data ( fig. 5c) . Nevertheless, the ASF1b C-terminus evolved at more constant rates than ASF1a, experiencing no clear selection pressure shifts, and, despite the higher rates of evolution of ASF1b, its C-terminus conserved some ancestral characters that were lost in ASF1a (e.g., the Asn and Ser residues located close to the end of the protein). Further, our evolutionary analysis detected that the ASF1a C-terminus accumulated several mutations until it reached a state from which it began evolving under very strong purifying selection (fig. 4b ). This pattern of evolution suggests that the ASF1a C-terminus may have acquired a new functionality. This could represent a loss of affinity for CAF-1 p60 or a new interaction with a partner not yet identified that also impacts the ability of ASF1a to bind CAF-1 p60. It is interesting that this important histone chaperone has been modulated, improved, and/or modified in two accessory regions (the N-and C-terminal regions), whereas the main core of the protein has remained highly conserved (supplementary fig. S4b, Supplementary Material  online) . This most likely reflects a need to maintain similar affinities for its most precious cargo, the histone dimers H3.1-H4 and H3.3-H4, an interaction that has been retained throughout eukaryotic evolution.
Preferential Interactions of ASF1a and ASF1b with Specific Histone Chaperones
Using biochemistry approaches, we reveal that subfunctionalization of ASF1 resulted in a distribution of ancestral binding partners, which likely imparted divergent functions. Indeed, the preferential interaction in cell extracts between ASF1b and CAF-1 p60 ( fig. 5b and c) is consistent with the major role of ASF1b in proliferation (Corpet et al. 2011) . Notably, this specificity is not observed in experiments using purified recombinant proteins where ASF1a and ASF1b can interact with CAF-1 p60 (Mello et al. 2002) . This may reflect the absence in these experiments of important binding partners or modifications present in the cells that influence specificity, rather than ASF1b having a higher affinity for CAF-1 p60 than ASF1a. Structural analyses show that the primary interaction surface that binds the B-domain of HIRA and CAF-1 p60 is conserved between ASF1a and ASF1b and thus cannot account for the preferential interactions (supplementary fig. S5 , Supplementary Material online). Additionally, given the experimental conditions, one cannot rule out additional interactions with regions of HIRA and CAF-1 p60 outside the B-domain or with the ASF1 C-terminus, which remains unstructured. Our biochemical data shows that the ASF1b C-terminus is not directly responsible for the specific interaction with CAF-1 p60 ( fig. 5c ). This suggests that divergent residues within the ASF1b N-terminus or core are also likely to contribute to the specificity (regions 1 and 2 in supplementary fig. S4a, Supplementary Material online) . It remains unknown whether the C-terminus adopts a particular orientation with the appropriate binding partner or could play a role outside of imparting specificity. Indeed, a recent study in yeast proposed that the C-terminus of yASF1 may act to stabilize the yeast CAF-1 interaction (Liu et al. 2012) . Additionally, the C-terminal region may also regulate other ASF1 partners, including histones (Dennehey et al. 2013), or partners not yet identified. Interestingly, the primary binding site for HIRA and CAF-1 p60, recently termed the AIP (ASF1-interacting protein) box (Jiao et al. 2012) , also mediates interactions with Codanin-1 (Ask et al. 2012 ) and Rad53 in yeast (Jiao et al. 2012 ). It will be important to further characterize effects resulting from ASF1 subfunctionalization, such as how ASF1 regulates binding to these competitive partners, the precise role of the accessory regions in fine-tuning interactions, and how this impacts ASF1 histone chaperone activity.
ASF1a and ASF1b Evolution as a Case of EAC Driven by the Genomic Context
When subfunctionalization is driven by positive selection, it may be indicative of EAC (Piatigorsky and Wistow 1991; Hittinger and Carroll 2007; Marais Des and Rausher 2008; Deng et al. 2010) . This model was proposed to describe cases where a set of biological functions corresponding to a single gene cannot be optimized simultaneously, but a gene duplication event enables separate optimization. Our results strongly support the EAC model: 1) ASF1 ancestral functions have been distributed between ASF1a and ASF1b, as reflected by their distinct protein-protein interactions; 2) ASF1a and ASF1b have distinct gene expression patterns; 3) ASF1a and ASF1b N-and C-terminal regions diverged under different evolutionary constraints in the two lineages; and 4) most importantly to support EAC, there is a footprint of positive selection on the coding sequences of ASF1a and ASF1b (summarized in fig. 6 ). Indeed, from a biological point of view, EAC seems to be a reasonable scenario if we consider the diversity of ASF1 ancestral functions (replication, transcription, and DNA repair) and how these functions are accomplished by ASF1 through interactions with distinct (competitive) partners.
We also found that the genomic context imposed constraints to the evolutionary process, mainly by means of GC content and particular amino acid replacements trends. The striking differences in GC content and replication timing of the two paralogs suggest that the two genomic contexts are associated with distinct chromatin environments. Indeed, the chromatin structure influences the regional mutation patterns of the genome (Prendergast et al. 2007; Stamatoyannopoulos et al. 2009; Schuster-Böckler and Lehner 2012) . These different genomic and chromatin contexts are probably also related to the gene expression divergence between ASF1a and ASF1b. Taken together, our results regarding the evolution of ASF1a and ASF1b possibly reflect a marriage between the mutational process of a gene to accommodate to its new genomic context and adaptive evolution of the corresponding protein function. This could refer to a special case of genomic context-driven EAC after gene duplication.
Materials and Methods
Sequence Data Retrieval and Alignment
Most ASF1 amino acid and nucleotide coding sequences were obtained from completely sequenced genomes available at Ensembl v65, whereas the genome of the Lamprey was not available until version 67 (Flicek et al. 2011) . The data set included 50 jawed vertebrates, Lamprey (Petromyzon marinus), and two tunicates (Ciona intestinalis and C. savigny). Additionally, we obtained the ASF1 sequence of one cephalochordate (Branchiostoma floridae, which represents an early-branching chordate) and one echinoderm (S. purpuratus, a close relative of chordates) from GenBank and the DOE Joint Genome Institute.
Multiple sequence alignments were built with TranslatorX (Abascal et al. 2010) and MUSCLE (Edgar 2004) . The program Jalview (Waterhouse et al. 2009 ) was intensively used to inspect and edit the alignments. Alignment positions with more than 50% of gaps were removed with trimAL (Capella-Gutiérrez et al. 2009 ) before conducting phylogenetic inference analyses.
Phylogenetic Reconstruction
Phylogenetic reconstruction was accomplished under ML and Bayesian frameworks. An ML tree was inferred with Phyml v3 (Guindon et al. 2010) , using a data set consisting of first and second codon positions and under a general time reversible model (Lanave et al. 1984) including rate variation among sites (GTR + À), as selected by jModelTest (Posada 2008) . A total of 100 bootstrap replicates were run to obtain estimates of statistical support. Bayesian analyses were done with the program MrBayes v3.1.2 (Ronquist and Huelsenbeck fig. 1 ) caused a divergence in genomic properties including GC content and replication timing. The relocation of ASF1a into an intron of the MCM9 gene further influenced differential evolution processes in tetrapods resulting in distinct gene expression patterns. At the protein level, ASF1a and ASF1b experienced different evolutionary forces at the Nand C-terminal regions, ultimately leading to preferential interactions and paralog-specific functions. *Positive selected site.
2003). Two runs of 5 million generations were conducted under a model of codon evolution incorporating rate variation among sites. We assessed convergence of the two runs by comparing the average standard deviation of split frequencies, which was about 0.017. The first 1 million generations were discarded as considered part of the "burn-in" process. Bayesian posterior probabilities were taken as indicators of phylogenetic reliability.
To infer the phylogenetic trees corresponding to the Nand C-terminal regions of ASF1, the topology obtained for the whole ASF1 under the Bayesian analysis was taken as a constraint, and branch lengths were optimized with Phyml (Guindon et al. 2010) . The program FigTree v1.3.1 (http:// tree.bio.ed.ac.uk/software/figtree/, last accessed May 2013) was used to inspect the resulting trees and prepare the corresponding figures.
Synteny Analysis
The Genomicus database v68.02 was queried to investigate the genomic organization around ASF1a and ASF1b in different vertebrates and some other chordates. The genomes of two species, Latimeria chalumnae (coelacanth) and S. purpuratus (sea urchin, an echinoderm) were key to determine the ancestral organization of the ASF1 locus.
Test of Adaptive Evolution
To determine whether there was any shift in the selective regime after the gene duplication event, different codon substitution models were fitted with the PAML software package (Yang 2007) . Briefly, these models attempt to properly estimate ratios of nonsynonymous substitutions per nonsynonymous site by synonymous substitutions per synonymous site, which are usually abbreviated as dN/dS ratios or omega values. Because shifts in the strength of selective forces can act in an episodic fashion, that is, at a particular branch of the tree, and/or at particular sites or regions of the proteins, methods have been developed to estimate omega for particular branches, protein sites, or both (branch-site models). We fitted a branch-site model (Model = 2 (M2), NSSites = 2 (NS2) in PAML) for each of the branches of the ASF1a and ASF1b lineages. Candidate positively selected sites were identified with the Bayes empirical Bayes method implemented in PAML . Following standard approaches Zhang, Nielsen, et al. 2005) , we assessed the statistical significance of the positive selection models by conducting a likelihood-ratio test against a null model in which the third omega parameter (the one used to model positive selection) was fixed at 1.
Reconstruction of Ancestral Sequences
To reconstruct ancestral character sequences, we used the program MrBayes v3.2 (Ronquist and Huelsenbeck 2003) and focused on the preduplication node of the tree (i.e., the last common ancestor of ASF1a and ASF1b). A total of 100,000 generations were run, sampling each 100 generations and discarding the first 10,000, which were considered a part of the burn-in process. For each site, the posterior probability of each amino acid was calculated. For plotting in the corresponding figures, we kept only those ancestral site predictions with a posterior probability greater than 0.95.
Replication Timing
From the GEO data sets GSE20027 and GSE1798 (Ryba et al. 2010) , we retrieved the processed and normalized probe log ratios of the processed and normalized replication times for four human ESCs (BG01, BG02, H7, and H9) and three mouse ESCs (46C, D3, and TT2). These probes log ratios were ranked separately for each cell line, and each probe log ratio was substituted by its rank. For each gene, we assigned the median rank that corresponded to the probe closest to the center of the gene. We calculated the proportion of the genome replicated before a gene is replicated by dividing its median rank by the total number of probes.
Gene Expression and Proteomics Data
Patterns of expression for human ASF1a and ASF1b were obtained from the Gene Expression Barcode compilation (McCall et al. 2010) , which includes thousands of hybridization experiments for many tissues, cell types, and tumor samples. The patterns of expression of MCM9, ASF1a, and ASF1b were compared in different tissues of several mammals and chicken based on RNA-seq data from Brawand et al. (2011) . We measured gene expression in terms of reads per kilobase of exon model per million mapped reads from mean per-base read coverage for each gene, which was available in the supplementary material, Supplementary Material online, of the article. Experimentally identified post-translational modifications were retrieved from the Phosphosite database (Hornbeck et al. 2004 ).
Structural Analysis
Divergent amino acids between the consensus sequence of ASF1a and ASF1b were annotated onto the NMR structure of human ASF1a (aa 1-155, not including the C-terminal disordered tail) (PDB accession number 1TEY.pdb) (Mousson et al. 2005) and visualized using PyMOL Molecular viewer (http:// www.pymol.org/, last accessed May 2013).
Cell lines and Cell Culture
HeLa S3 cells stably expressing H3.1 and H3.3 as fusion proteins with C-terminal FLAG-and HA-epitope tags (e-H3.1 and e-H3.3) were characterized previously (Tagami et al. 2004 ). We used HeLa S3 cells as a control empty cell line. Plasmid transfections were performed using JetPrime according to manufacturer's instructions. We used DMEM medium (GIBCO) for all cell lines. All media contained 10% fetal calf serum (Eurobio) and 10 mg/ml penicillin and streptomycin (GIBCO).
Antibodies
We used previously characterized rabbit polyclonal antibodies against ASF1a and ASF1b (Corpet et al. 2011) , rabbit polyclonal antibody against CAF-1 p60 (gift from T. Krude) and RbAp48 (Abcam, ab1766), commercial mouse monoclonal antibody against CAF-1 p150 (Abcam, ab7655), and HIRA (Active Motif, WC119.2H11), anti-StrepMAB Classic (IBA, 2-1507-001), and rat monoclonal antibody against HA (Roche, 11867423, clone 3F10).
Total Cell Extracts
We prepared total cell extracts by lysing the cells in RIPA buffer (50 mM Tris HCl pH 7.5, 150 mM NaCl, 0.1% sodium dodecylsulfate [SDS] , 0.5% sodium deoxycholate, 1% nonidet P-40 ), containing protease inhibitors, (10 mg/ml pepstatin A; 10 mg/ml leupeptin, 100 mM PMSF) and phosphatase inhibitors (5 mM sodium fluoride, 10 mM 2-glycerophosphate, and 0.2 mM sodium vanadate). For FLAG purification, we performed soluble and salt-extractable extracts as described previously (Martini et al. 1998; Loyola et al. 2006 ).
Immunoprecipitation, FLAG and STREP Purification, and Western Blotting
We performed immunoprecipitation on 1 mg of total protein extracts with 1 mg of purified specific ASF1 antibodies. We performed the immunoprecipitation for 4 h at 4 C in IP Buffer (50 mM Tris HCl pH 7.5, 150 mM NaCl, 0.5% NP-40) containing protease and phosphatase inhibitors as described earlier. For FLAG purification of e-H3.1-and e-H3.3-associated complexes, 500 mg of salt-extractable extracts were incubated with anti-FLAG M2 agarose beads (Sigma, A2220) for 4 h at 4 C in IP Buffer (10 mM Tris HCl pH 8.0, 10% glycerol, 0.1% NP-40, 0.2 mM ethylenediaminetetraacetic acid [EDTA] , and NaCl ranging from 150 mM to 600 mM as indicated). After five and three washes, respectively, in IP Buffer, beads were resuspended in Laemmli sample buffer (LSB) 1X (62.5 Tris HCl pH 6.8, 10% glycerol, 2% SDS, 0.002% bromophenol blue, and 100 mM DTT), boiled for 10 min, and the supernatant was then loaded onto a NuPage 4-12% Bis-Tris gel (Invitrogen) for further Western Blot analysis. For STREP purification of e-ASF1 wild-type and chimeric complexes, we first added avidin (IBA, 20 mg) to the extracts to remove any biotinylated molecules that may nonspecifically bind the matrix, and 1 mg of total protein extracts were then precleared with Superflow6 resin (IBA) for 30 min at 4 C. The extracts were then incubated with Strep-tactin Superflow resin (IBA) for 4 h at 4 C in IP Buffer (20 mM Tris HCl pH 7.5, 150 mM NaCl, 0.2% NP-40, 0.2 mM EDTA, 5% glycerol) containing protease and phosphatase inhibitors. After five washes in IP buffer (lacking glycerol), the beads were equilibrated in elution buffer (IP buffer lacking glycerol but supplemented with 5 mM biotin) in two steps, and the resulting eluent was resuspended in LSB buffer, boiled, and analyzed by SDS-PAGE and WB as described earlier. We used Memcode Protein Stain Kit (Thermo Scientific) to detect transferred proteins to nitrocellulose membranes. We used secondary antibodies conjugated with Horseradish peroxidase (Interchim) and revealed the signal by chemiluminescence substrate from Pierce (SuperSignal West Pico or SuperSignal West Femto).
